Glucocorticoids repress NFB-mediated activation of proinflammatory genes such as interleukin-8 (IL-8) and ICAM-1. Our experiments suggest that the glucocorticoid receptor (GR) confers this effect by associating through protein-protein interactions with NFB bound at each of these genes. That is, we show that the GR zinc binding region (ZBR), which includes the DNA binding and dimerization functions of the receptor, binds directly to the dimerization domain of the RelA subunit of NFB in vitro and that the ZBR is sufficient to associate with RelA bound at NFB response elements in vivo. Moreover, we demonstrate in vivo and in vitro that GR does not disrupt DNA binding by NFB. In transient transfections, we found that the GR ligand binding domain is essential for repression of NFB but not for association with it and that GR can repress an NFB derivative bearing a heterologous activation domain. We used chromatin immunoprecipitation assays in untransfected A549 cells to infer the mechanism by which the tethered GR represses NFB-activated transcription. As expected, we found that the inflammatory signal TNF␣ stimulated preinitiation complex (PIC) assembly at the IL-8 and ICAM-1 promoters and that the largest subunit of RNA polymerase II (pol II) in those complexes became phosphorylated at serines 2 and 5 in its carboxy-terminal domain (CTD) heptapeptide repeats (YSPTSPS); these modifications are required for transcription initiation. Remarkably, GR did not inhibit PIC assembly under repressing conditions, but rather interfered with phosphorylation of serine 2 of the pol II CTD.
Glucocorticoids are the most commonly prescribed treatment for inflammatory diseases such as rheumatoid arthritis (Da Silva 1999; Elenkov et al. 1999) , and it is well established that glucocorticoids downregulate the transcription of proinflammatory genes (van de Stolpe et al. 1993; Mukaida et al. 1994; . Those genes are themselves activated by the NFB transcriptional regulator, but the mechanism by which glucocorticoids preclude activation has been a matter of debate.
The central member of the mammalian rel gene family is NFB (Baldwin 1996; Ghosh et al. 1998 ); a major form of NFB is a heterodimer of the RelA and p50 family members. In the inactivated state, RelA/p50 heterodimers are sequestered in the cytoplasm by the inhibitor protein IB (Baeuerle and Baltimore 1988a,b) . Proinflammatory signals such as tumor necrosis factor alpha (TNF␣) and interleukin-1 (IL-1) trigger IB phosphorylation, ubiquitination, and proteosomal degradation, enabling NFB nuclear translocation and binding to specific genomic response elements Scherer et al. 1995; Mercurio et al. 1997; Woronicz et al. 1997) . Once bound to DNA, NFB activates the transcription of proinflammatory genes such as IL-8 and ICAM-1 (van de Stolpe et al. 1993; Kunsch et al. 1994; Mukaida et al. 1994) . Importantly, the NFB response elements are the necessary and sufficient promoter sequences both for induction and for glucocorticoid-mediated inhibition van de Stolpe et al. 1994; Caldenhoven et al. 1995) .
The glucocorticoid receptor (GR) is the founding member of the intracellular receptor (IR) gene family (Tsai and O'Malley 1994; Yamamoto 1995) . The GR zinc binding region (ZBR) harbors the DNA binding and protein dimerization functions of GR and is essential for regula-tion of all known GR target genes (Schena et al. 1989; Luisi et al. 1991) . In the absence of hormone, GR is localized to the cytoplasm in association with a molecular chaperone complex that interacts with the GR ligand binding domain (LBD) (Picard and Yamamoto 1987; Rusconi and Yamamoto 1987; Picard et al. 1988; Howard et al. 1990 ). On hormone binding, GR releases the chaperone complex and translocates to the cell nucleus. Truncation derivatives that lack the LBD, but retain a functional ZBR, are constitutively nuclear and transcriptionally active (Godowski et al. 1987) .
Transcriptional regulatory factors adopt distinct activities depending on the sequence and context, cellular and physiological, of the particular response elements with which they associate (Miner and Yamamoto 1991; Lefstin and Yamamoto 1998) . Regulatory factors bind and function at response elements in three different modes: simple, composite, and tethering . A regulatory factor binds directly to a simple response element, and it is the sole DNA binding factor necessary for regulation from that element. At a composite response element, the regulatory factor similarly binds directly to DNA, but its activities are defined by the composition of heterotypic regulators that also bind to the element. In contrast, at a tethering response element, the regulatory factor does not bind DNA, but rather associates via protein-protein interaction with a heterotypic regulator that itself is specifically bound to DNA. For example, an AP-1 site near the collagenase gene serves both as a simple AP-1 response element and as a tethering glucocorticoid response element (GRE); from that site, AP-1 activates transcription, and GR represses without disrupting AP-1 binding, apparently by direct interaction with AP-1 (Konig et al. 1992) .
The fact that GR represses proinflammatory genes via NFB response elements suggested to us that those elements might also serve as tethering GREs. However, two prior reports had suggested that glucocorticoids inhibit NFB action by inducing IB gene transcription (Auphan et al. 1995; Scheinman et al. 1995a ). On the other hand, others had reported that the glucocorticoid effects occur independent of new protein synthesis (van de Stolpe et al. 1993; Wissink et al. 1998) , or showed directly that GR inhibition of NFB could be observed in the absence of glucocorticoid-mediated IB␣ or IB␤ gene induction (Brostjan et al. 1996; De Bosscher et al. 1997; Heck et al. 1997; Newton et al. 1998; Wissink et al. 1998; Adcock et al. 1999) . These findings, together with reports that GR binds selectively to the RelA subunit of NFB Caldenhoven et al. 1995; Scheinman et al. 1995b; Wissink et al. 1997) , encouraged us to reexamine the tethering model and to explore the mechanism by which GR inhibits NFB-mediated activation. In principle, GR could affect NFB DNA binding, NFB activation domain function, RNA polymerase II (pol II) preinitiation complex (PIC) formation, pol II phosphorylation, PIC isomerization, or promoter clearance.
We performed our studies in vitro and in CV-1 and A549 cultured cells. We used an in vitro protein-protein interaction assay to map regions of GR and RelA that interact. Transient transfections of CV-1 cells, which lack endogenous GR and RelA, enabled characterization of GR and RelA mutations, truncations, and chimeras. In contrast, A549 cells express endogenous GR and NFB. In these cells, the proinflammatory stimulus, TNF␣ (Newton et al. 1998) potentiates NFB-mediated activation of the endogenous IL-8 and ICAM-1 promoters, and the synthetic glucocorticoid dexamethasone triggers GR-mediated repression. We used these experimental approaches to determine whether GR blocks NFB DNA binding, whether NFB response elements are tethering GREs, and whether GR inhibition is activation-domain specific. Finally, we probed the biochemical composition of the pol II complexes during inhibition at the endogenous IL-8, ICAM-1, and IB gene promoters in vivo.
Results

Direct repression of TNF␣ induced IL-8 transcription by GR
We focused on the IL-8 and ICAM-1 promoters in A549 cells because of their robust TNF␣ induction and glucocorticoid repression, strict dependence on NFB response elements, and the physiological importance of IL-8 and ICAM-1 during inflammation (Mukaida et al. 1992; Harada et al. 1994; Mukaida et al. 1994; Caldenhoven et al. 1995) . In these cells, which express endogenous GR, we found that IL-8 mRNA accumulation, measured by ribonuclease protection, was induced approximately 90-fold by TNF␣, and that dexamethasone, a synthetic glucocorticoid, inhibited that induction approximately fourfold (Fig. 1A) . As controls, we analyzed expression of the GAPDH and ␤-actin mRNAs, genes not regulated by either NFB or GR, and did not detect significant alterations (Fig. 1A) .
The GR-ZBR is required for both activation and repression of transcription (Schena et al. 1989) , and response elements themselves can be allosteric effectors of GR activity (Lefstin et al. 1994; Lefstin and Yamamoto 1998) . The response element signals appear to be detected or interpreted by rat GR residue K461 within the ZBR because GR mutant K461A activates transcription from composite and tethering response elements even under conditions in which the wild-type GR represses (Starr et al. 1996) . Thus, if GR inhibits NFB indirectly by inducing another factor such as IB␣, the K461A mutant should repress like wild-type GR. On the other hand, if NFB response elements are tethering GREs, then the GR mutant K461A might enhance rather than repress RelA activity.
Transient transfections of CV-1 cells, which lack endogenous GR, revealed that the K461A mutant indeed activated transcription from the NFB reporter (Fig. 1B) . The effect was specific to RelA because the unrelated transcriptional regulator GAL4-VP16 (Sadowski et al. 1988 ) was unaffected by either wild-type or mutant GR (Fig. 1C) . As expected, glucocorticoids had no effect in CV-1 cells on either RelA or GAL4-VP16 activity in the absence of a cotransfected GR expression plasmid (data not shown). Moreover, the reporter construct, as a stable transgene in A549 cells, was inducible with TNF␣ and repressed by the endogenous GR, demonstrating that the NFB site confers both induction and repression, and that GR is a negative regulator of NFB in these cells (Fig. 1D) . Notably, dexamethasone treatment did not significantly increase IB␣ mRNA levels in the A549 cells (Fig. 1A) . These results are consistent with the view that the NFB site is a tethering GRE.
NFB expression and DNA binding are unaffected by GR
To begin to assess how GR affects RelA function, we first examined A549 whole cell extracts by immunoblotting and found that the glucocorticoids had no effect on RelA protein levels ( Fig. 2A) . Thus, GR must affect RelA activity and not its accumulation.
To investigate whether glucocorticoids influence NFB DNA binding in vitro, we analyzed A549 nuclear extracts by using an electrophoretic gel mobility-shift assay with the IL-8 NFB binding site as a probe (Fig. 2B) . Extracts from TNF␣-treated A549 cells produced a readily detectable RelA/p50-DNA complex relative to extracts from untreated cells, and this induced signal was undiminished by dexamethasone (Fig. 2B) .
We used the chromatin immunoprecipitation assay (Braunstein et al. 1996; Orlando et al. 1997) to assess the effect of glucocorticoids on the occupancy in vivo of NFB response elements associated with the IL-8 and ICAM-1 promoters (Fig. 3A) . Normalized to the internal U6 snRNA control and relative to untreated cells, chromatin immunoprecipitation from TNF␣ treated cells with an antibody against RelA resulted in approximately Figure 1 . The specificity of glucocorticoid receptor (GR) inhibition of NFB activity. (A) Regulation of the endogenous interleukin-8 (IL-8) and IB␣ genes in A549-k9 cells. An RNAase protection assay was performed on total RNA isolated from untreated (Un) A549-k9 cells, or from cells treated for 2 hr with 2.5 ng/ml tumor necrosis factor alpha (TNF␣), or cotreated for 2 hr with 2.5 ng/ml TNF␣ and 100 nM dexamethasone (TNF␣/ Dex). (B) Inhibition of NFB-mediated activation by wild-type GR and further activation by GR mutant K461A. CV-1 cells were transiently transfected with NFB response element reporter alone (B3DLO), or cotransfected with expression vectors for RelA and GR (wild type or K461A, as indicated); reporter activity was measured in the presence of an ethanol vehicle (white bars) or 10 nM dexamethasone (black bars), expressed as relative light units (RLU) normalized to ␤-galactosidase activity from an internal control CMV-LacZ expression plasmid. (C) The effect on GAL4-VP16 activity by wild-type GR or GR mutant K461A. CV-1 cells were transiently transfected with GAL4 response element reporter alone (5xGAL4-e1b-Luc), or cotransfected with expression vectors for GAL4-VP16 and GR (wild type or K461A, as indicated); reporter activity was measured as in Fig. 1B . (D) Inhibition of NFB-mediated activation by endogenous GR. A549-k9 cells, which contain a stable NFB response element reporter transgene (B3DLO), were treated for 8 hr with 2.5 ng/ml TNF␣ or cotreated with 2.5 ng/ml TNF␣ and 100 nM dexamethasone (TNF␣/Dex) as indicated; reporter activity was expressed as RLU. (A) An immunoblot was performed by using a RelA antibody (sc-372, Santa Cruz Biotechnology) on equal amounts of whole cell extract from A549-k9 cells treated as described in Fig. 1A. (B) An electrophoretic gel-mobility shift assay was performed by using a 32 P end-labeled NFB response element oligonucleotide derived from the interleukin-8 (IL-8) promoter and equal amounts of nuclear extract from A549 cells treated as described in Fig. 1A . An arrow indicates the RelA/p50 heterodimer, as determined by preincubating the TNF␣ and dexamethasone cotreated extract (TD) with the RelA antibody sc-372, or the p50 antibody (sc-114, Santa Cruz Biotechnology), blocking the specific bandshift (TD + sc-372, TD + sc-114). The normal rabbit IgG control did not affect the bandshift pattern (TD + IgG). To demonstrate the specificity of the bandshift pattern to the IL-8 probe, we added a tenfold molar excess of either unlabeled IL-8 probe (10× cold) or collagenase AP-1 site (unspecific) to TD extract. (n.s.) nonspecific.
fivefold enrichment of sequences containing the IL-8 NFB response element (Fig. 3B) . Cotreatment of A549 cells with TNF␣ and dexamethasone yielded a similar approximately fivefold enrichment (Fig. 3B) . Thus, consistent with the in vitro assay, glucocorticoids do not inhibit NFB binding to these sites in vivo. Similarly, ICAM-1 promoter sequences were enriched approximately threefold on gene activation, and this enrichment was unaffected by dexamethasone treatment (Fig. 3B) . We monitored three additional chromatin regions as controls, none of which carries an NFB binding site: a sequence 700 bp upstream of the IL-8 NFB site, and the promoter regions from the HSP70 and U6 snRNA genes, which are transcribed by RNA polymerase II and III, respectively (Fig. 3A) . Analyzing the immunoprecipitates for the IL-8 −1042/−826 control region demonstrated that TNF␣ dependent enrichment is promoter proximal (Fig.  3B) . The HSP70 and U6 snRNA controls showed that enrichment is specific to NFB regulated genes (Fig. 3B) . These results lend further support to the tethering scheme, which requires site occupancy by NFB during inhibition; it seems likely that glucocorticoids might similarly affect other proinflammatory genes.
The GR-ZBR directly binds the RelA dimerization domain
In view of these findings, we characterized in greater detail the physical interaction between GR and RelA Caldenhoven et al. 1995; Scheinman et al. 1995b; Wissink et al. 1997 ). We constructed a series of GST fusions bearing full-length RelA, the rel homology domain (RHD), or its two subregions: the amino-terminal DNA interacting region (N196) and the rel dimerization domain (RDD) (Ghosh et al. 1995; Chen et al. 1998 ; Fig. 4A ). We made a fourth GST fusion containing the RDD from the p50 protein for use as a negative control. In standard "pull down" assays (see Materials and Methods), we found that 35 S-methioninelabeled GR bound to full-length RelA and to the RHD, but not to the RelA amino-terminal segment; moreover, the RelA dimerization domain (RelA-RDD) was necessary and sufficient for the interaction (Fig. 4A ). In contrast, the p50-RDD, which is 50% identical to the RelA-RDD, supported no significant interaction (Fig. 4A) . As an additional negative control, the Drosophila RXR homolog, ultraspiracle (Oro et al. 1990 ), failed to interact with either RDD fusion (Fig. 4A) . Interestingly, the in vitro interaction was ligand-independent as measured in solution in these assays, and the GR mutant K461A displayed the same interaction profile as wild-type GR (data not shown).
We next tested two 35 S-labeled GR deletion constructs for interaction with the RelA-RDD. We found that 407C, which lacks the amino-terminal 406 amino acids of GR but retains the ZBR and LBD, and ⌬(108-317)N577, which lacks most of the amino terminus as well as the LBD (Fig. 4B) , both remained competent for interaction with the RelA-RDD but not with the negative control p50-RDD. Because the two constructs have only the GR-ZBR in common, the simplest interpretation is that the GR-ZBR associates with the RelA-RDD (Fig. 4B) .
To test whether this interaction is direct, we repeated these assays by using purified recombinant components visualized by Coomassie staining (Luisi et al. 1991) . The GR-ZBR bound specifically to the RelA-RDD and not to the p50-RDD (Fig. 4C) . Interestingly, an oligonucleotide bearing a simple GRE DNA binding site abrogated the RelA-RDD interaction, whereas a nonspecific oligonucleotide was less effective (Fig. 4C) . We conclude that these regulatory proteins interact directly, and we suggest that GR binding to a simple GRE or to the RelA-RDD are mutually exclusive either because of overlapping interaction surfaces or because of an allosteric change elsewhere in the ZBR triggered by the response element.
The GR-LBD harbors repression activity
To determine which domains of GR are required for inhibition of RelA-mediated activation, we performed transient transfections of CV-1 cells to test GR deletion constructs for inhibition of RelA activity. The aminoterminal 406 residues of GR were dispensable for inhibition, whereas the LBD was essential (Fig. 5A ). As a control, both receptor derivatives activated transcription from the simple GRE reporter, TAT3-DLO (Fig. 5A ). Thus, we can distinguish the protein-protein interaction from the RelA repression functions within GR. 
The GR-ZBR associates with RelA at NFB response elements
The isolated GR-ZBR does not repress RelA activity ( Fig.  5A ; data not shown). If the protein-protein interaction observed in vitro occurs in vivo, then fusion of a heterologous repression domain, such as that from the Mad1 protein, to the GR-ZBR might restore repression of RelA activity. Mad1 is a member of the Mad/Myc/Max family of transcriptional regulators that functions by recruiting the N-CoR/mSin-3A/SMRT histone deacetylase (HDAC)-containing complex (Ayer et al. 1996; Alland et al. 1997; Hassig et al. 1997; Heinzel et al. 1997; Laherty et al. 1997; Zhang et al. 1997) . We transiently transfected CV-1 cells with constructs expressing the Mad1 repression domain fused either to the GR-ZBR (MAD-GR) or to the unrelated GAL4-DBD (Mad-GAL4) (Fig. 5B,C) . The MAD-GR construct inhibited RelA-mediated activation, but the control Mad-GAL4 construct did not (Fig. 5B ). Both constructs were functional and specific because Mad-GAL4 inhibited basal transcription from a GAL4 site-driven reporter whereas MAD-GR had no effect (Fig. 5C ). Notably, MAD-GR was less potent than wild-type GR, perhaps because of intrinsic differences between the Mad1 repression domain and GR-LBD. Regardless, the GR-ZBR, the minimal domain required for in vitro protein-protein interaction, is necessary and sufficient to associate with RelA in vivo.
The GR inhibitory function operates on a heterologous activation domain
The yeast GAL80 protein negatively regulates galactoseinducible genes by selectively binding and inhibiting the yeast GAL4 transcriptional activation domain (Lue et al. 1987; Melcher and Johnston 1995; Grant et al. 1997; Yano and Fukasawa 1997; Ansari et al. 1998; Sil et al. 1999) . To test whether the GR-LBD repression function is similarly limited to only the cognate activation domain of RelA, we constructed a fusion between the RelA-RHD and the activation domain from the herpesvirus VP16 protein ). The VP16 activation domain was insensitive to regulation by GR when fused to the GAL4-DBD (Fig. 1B) . However, the same activation domain was inhibited by wild-type GR and activated by GR mutant K461A when expressed within the context of the RelA-RHD (Fig. 6) . Thus, the inhibitory functions of GR are not dedicated to a single activation domain, suggesting that it functions downstream of the activators, perhaps affecting components of the basal transcription machinery.
GR represses transcription after PIC assembly
The minimal PIC contains the general transcription factors (GTFs) TF II A, TF II B, TF II D, TF II F, and pol II. The TF II D complex contains the TATA-binding protein (TBP) and several TBP-associated factors (TAFs), which together initiate PIC assembly by recognizing the TATA box, the initiator promoter elements, or both. TF II B is incorporated second, followed by the TF II F-pol II complex (Zawel and Reinberg 1995; Roeder 1996) . In an alternative view, PICs might assemble by directly recruiting a pol II "holoenzyme" containing a subset of the GTFs (Koleske and Young 1994). 35 S-labeled N795, 407C, and ⌬(108-317)N577 constructs were tested on the RelA-RDD and p50-RDD proteins. (C) Interaction between the GR-ZBR and the RelA-RDD is direct. Recombinant, purified GR-ZBR (amino acids 407-525) and RelA-RDD were used in interaction assays as described earlier; where indicated, we included in the assay 200 nM DNA corresponding to either an idealized simple glucocorticoid response element or the unrelated collagenase AP-1 site. Coomassie stained SDS-polyacrylamide gel is shown; arrow indicates GR-ZBR protein.
To determine whether GR inhibits NFB-mediated activation by interfering with PIC assembly, we performed the chromatin immunoprecipitation assay by using an antibody against the amino terminus of the pol II rpb1 subunit (Fig. 7A ). This antibody recognizes both the unphosphorylated (IIa) and the phosphorylated (IIo) forms of pol II, allowing determination of total pol II (IIa + IIo) recruitment. Treatment of A549 cells with TNF␣ stimulated pol II occupancy of the IL-8 and ICAM-1 promoter regions by approximately 10-fold and threefold, respectively (Fig. 7A) .
Notably, under conditions of repression by dexamethasone, total pol II promoter occupancy was further increased to approximately 15-fold and fourfold, respectively (Fig. 7A) . Regulated pol II recruitment was promoter region-specific because control sequences 700 bp upstream were not significantly enriched, and the inducing or repressing signals provoked no appreciable effects on pol II occupancy of the HSP70 or U6 snRNA genes (Fig. 7A) . As expected, pol II was readily detectable at HSP70 (Fig. 7A ) relative to the U6 snRNA gene (Birnstiel 1988 ; Fig. 7A ) as a stalled, unphosphorylated pol II complex just downstream of this promoter in non-heat shocked cells (O'Brien et al. 1994) . Thus, we conclude that GR represses NFB-mediated activation by interfering with a step after PIC assembly, perhaps affecting initiation or promoter clearance.
PIC incorporation of TF II H is unaffected by GR-mediated repression
In "ordered assembly" models of PIC formation, the complex is completed by recruitment of TF II H, a ninesubunit GTF that contains multiple catalytic activities, including an ATP-dependent DNA helicase and a carboxy-terminal domain (CTD) kinase (Svejstrup et al. 1996). Promoter melting and clearance requires TF II H, specifically, the helicase activity of the XPB/ERCC3 subunit (Guzman and Lis 1999; Moreland et al. 1999; Kim et al. 2000) . Because PIC assembly in vivo is independent of at least one TF II H subunit (Kuras and Struhl 1999) , we tested the possibility that GR might repress transcription by blocking TF II H recruitment. Treatment of A549 cells with TNF␣ induced approximately sevenfold recruitment of the XPB/ERCC3 DNA helicase subunit of TF II H to the IL-8 promoter region, and this recruitment was unaffected by cotreatment with dexamethasone (Fig.  7B ). As controls, XPB/ERCC3 recruitment was promoter specific because sequences 700 bp upstream of the IL-8 promoter were not enriched, and there was no appreciable effect on the HSP70 and U6 snRNA control chromatin regions (Fig. 7B) . Thus, incorporation of XPB/ ERCC3, and likely the whole nine-subunit TF II H complex, into PICs is unaffected by glucocorticoid repression of NFB-mediated activation.
Phosphorylation of CTD serine-5 is unaffected by GR-mediated repression
The rpb1 subunit of mammalian pol II includes a CTD consisting of 52 tandem repeats of a heptapeptide (YSPTSPS) that is essential for viability and is conserved among eukaryotes (Allison et al. 1985; West and Corden 1995) . The CTD is unphosphorylated during PIC assembly, but initiation is accompanied by cooperative phosphorylation of the heptapeptide serine-2 and serine-5 residues (Nonet et al. 1987; Bartolomei et al. 1988; Cismowski et al. 1995; West and Corden 1995; Parada and Roeder 1996; Lee and Lis 1998; Trigon et al. 1998; Kuras and Struhl 1999) . The cdk7 subunit of TF II H selectively phosphorylates the CTD heptapeptide at serine-5 (Trigon et al. 1998 ). This phosphorylation event appears to be essential for transcription of most genes (Cismowski et al. 1995; Kuras and Struhl 1999) .
In chromatin immunoprecipitation assays in which we used a monoclonal antibody specific for the phosphoserine-5 heptapeptide repeat, we found that TNF␣ induction provoked an approximately 22-fold increase in binding of pol II bearing this modification at the IL-8 promoter and that dexamethasone repression had little effect on occupancy (Fig. 8A) ; parallel results were obtained at the ICAM-1 promoter, but to a lesser extent.
Control regions of the HSP70 and U6 snRNA genes were unaffected and phosphoserine-5 pol II was not observed upstream of the IL-8 promoter region (Fig. 8A) . These results imply that a phosphorylation event essential for transcription initiation, possibly mediated by TF II H-associated cdk7, occurs even under repressing conditions (Fig. 7B) . Formally, however, because maintenance of phosphoserine-5 on just one of the 52 heptapeptide repeats might be sufficient for a positive signal in this assay, a potentially substantial effect of repression might go undetected.
Phosphorylation of CTD serine-2 is reduced by GR-mediated repression
Phosphorylation of the serine-2 residue of the CTD heptapeptide repeat also accompanies transcription initiation; this modification is essential for viability and has been demonstrated to be required for transcription of various genes in Saccharomyces cerevisiae (West and Corden 1995; Trigon et al. 1998; Patturajan et al. 1999 ). To determine whether glucocorticoids affect phosphorylation of the CTD serine-2 position, we used a monoclonal antibody specific for the phosphoserine-2 heptapeptide repeat in the chromatin immunoprecipitation assay (Fig. 8B) . Treatment with TNF␣ induced approximately 14-fold recruitment of phosphoserine-2 pol II to the IL-8 gene, whereas recruitment was reduced to sixfold under repressing conditions. As noted earlier, this effect corresponds to a very extensive reduction in CTD phosphorylation at the serine-2 position. Parallel results were obtained in the ICAM-1 promoter region (Fig. 8B) . The treatments did not affect the control HSP70 and U6 sn-RNA promoter regions, and phosphoserine-2 pol II binding was specific to the IL-8 promoter region relative to the upstream control segment (Fig. 8B) . In addition, little phosphorylated pol II was detected at the HSP70 gene (Fig. 8A,B) , consistent with its occupancy by a stalled and unphosphorylated pol II complex (O'Brien et al. 1994 ; cf. Fig. 7A ). We conclude that GR represses NFB activation by selectively reducing the level of phosphoserine-2 pol II complexes.
Phosphorylation of CTD serine-2 is not blocked at the IB␣ promoter
NFB activates transcription of the IB␣ gene through multiple NFB response elements (Le Bail et al. 1993; Sun et al. 1993 ). However, IB␣ transcription is not repressed by glucocorticoids (Fig. 1A) . If in fact GR represses IL-8 and ICAM-1 by reducing phosphoserine-2 pol II levels at those promoters, we would predict that phosphoserine-2 pol II levels at the IB␣ promoter would be unaffected by glucocorticoids. We therefore analyzed the chromatin immunoprecipitates in Figures 7A, 8A ,B for the presence of IB␣ promoter sequences (Fig. 8C) . Indeed, TNF␣ treatment induced IB␣ promoter occupancy by phosphoserine-containing pol II complexes, and in contrast to the IL-8 and ICAM-1 promoter results (Fig. 8A,B) , dexamethasone did not significantly affect the relative levels of the pol II isoforms at the IB␣ promoter. Thus, GR represses NFB activity in a contextspecific manner, acting at some but not all NFB regulated promoters by interfering selectively with formation of phosphoserine-2-containing pol II complexes.
Discussion
Transcriptional activation by NFB
RelA interacts with the general coactivators CBP and p300, which act in part as histone acetyltransferases (HATs) (Zhong et al. 1998 ), increasing factor accessibility to chromatin packaged templates (Grunstein 1997) . RelA also interacts with the ARC/DRIP coactivator complex ), which appears to stimulate PIC assembly by forming a bridge between activation domains and pol II (Chiba et al. 2000) . In addition, the RelA activation domain itself interacts functionally and physically with several GTFs, including TF II B, TBP, and TAF II 105 (Schmitz et al. 1995; Yamit-Hezi and Dikstein 1998) . Collectively, these findings imply that NFB stimulates PIC assembly by multiple mechanisms. At the IL-8 and ICAM-1 promoters, we showed that RelA indeed enhances PIC assembly, producing a complete and phosphorylated promoter-bound pol II complex (Figs. 7,8) . Thus, at these response elements, we conclude that RelA achieves transcriptional activation by using a multifunctional activation domain that stimulates several facets of PIC assembly and, either directly or indirectly, CTD phosphorylation.
Proinflammatory gene NFB sites are tethering GREs
The fact that GR regulates NFB response elements without direct binding to the DNA suggested to us that these sequences are tethering GREs. Consistent with this view, we showed in chromatin immunoprecipitation assays that RelA DNA binding was unaffected by repressing conditions (Fig. 3B ). Efforts to detect the tethered GR at tethering response elements have been only sporadically successful (R.M. Nissen, unpubl.); however, several lines of evidence support the conclusion that GR is indeed associated. First, GR mutant K461A further enhanced RelA-driven transcription (Fig. 1B) . Second, the GR-ZBR interacted directly with the RelA-RDD in a reaction that was inhibited by a GRE oligonucleotide (Fig. 4C) . Finally, the MAD-ZBR fusion protein was selectively and functionally recruited to RelA in vivo (Fig.  5B,C) . We conclude that proinflammatory gene NFB response elements serve as tethering GREs.
These findings indicate that regulators that carry DNA binding domains can be recruited into certain regulatory complexes through protein-protein rather than through protein-DNA interactions. How general this mode of regulation might be is unknown, but it is clearly not limited to IRs such as GR. For example, the yeast Ste12 protein regulates certain yeast genes by directly binding simple Ste12 response elements; in contrast, at other genes, Ste12 tethers to the ␣1 protein, which, together with MCM1, binds to response element sequences (Yuan et al. 1993) . Therefore, the ␣1/MCM1 composite response elements are tethering response elements for (IN-PUT) shows that the starting chromatin extracts had equal amounts of the various chromatin regions; right panel (A, P-serine 5; B, P-serine 2) shows enrichment of the interleukin-8 and ICAM-1 experimental regions; fold enrichment values for the experimental regions were determined by normalizing to the internal control U6 snRNA intensity. (C) Chromatin immunoprecipitation assays against total pol II (sc-899, Santa Cruz Biotechnology), phosphoserine-5 pol II (H14, BabCO), and phosphoserine-2 pol II (H5, BabCO) were analyzed for the presence of IB␣ promoter sequences as indicated; fold enrichment values were determined by normalizing to the internal control U6 snRNA intensity.
Ste12. Tethering demonstrates strikingly that DNA binding domains in fact can carry multiple functional surfaces whose use is contextually determined.
Repression affects a step after activation domain function
Unlike GAL80, GR can repress transcription mediated by more than one activation domain (i.e., NFB and AP-1). Thus, it was unsurprising that in the RHD-VP16 fusion test, the GR-LBD inhibitory function was activation-domain independent (Fig. 6) . Moreover, GR bypassed the multiple distinct mechanisms by which NFB appears to stimulate PIC assembly, instead repressing initiation itself by interfering with pol II CTD phosphorylation (Figs. 7,8 ). These findings demonstrate a global repression mechanism, and underscore the notion that regulation of another regulator is not limited merely to enhancing or suppressing the effects of the targeted regulator.
In vivo detection of a hemi-phosphorylated pol II species?
The lack of intermediate species migrating on SDS-polyacrylamide gels between the unphosphorylated IIa and the maximally phosphorylated IIo forms suggests that CTD-kinases and CTD-phosphatases are highly processive (Lehman and Dahmus 2000) . However, it has not been proved that a single heptapeptide repeat can be phosphorylated at multiple positions, nor has it been determined whether phosphorylation by one enzyme influences phosphorylation by another (e.g., might cdk7-mediated conversion of YSPTSPS to YSPTS*PS be further processed by another kinase to YS*PTS*PS, or vice versa?). Different phosphorylation sites can be functionally distinct and regulators might read a putative "CTD code" as a series of binding sites or allosteric effectors. For example, mammalian mRNA capping activity is stimulated by CTD peptides phosphorylated at serine-5 but not at serine-2 (Ho and Shuman 1999) . Thus, differential recruitment of CTD kinases might generate functionally distinct CTD phosphorylation patterns. Our findings suggest that glucocorticoids repress NFB activity by generating a transcriptionally inactive DNAbound pol II species phosphorylated at serine-5 but not at serine-2. Notably, Bonnet et al. (1999) detected a similar pol II species, denoting it pol IIm. We speculate that pol IIm and the pol II species we detect are identical and represent one of several hemi-phosphorylated pol II isoforms. The specificity of the glucocorticoid effects reveals that differential posttranslational modifications of pol II are an important facet of gene regulation.
Recruitment of a TSA resistant corepressor?
Acetylation of nucleosomes appears to facilitate gene activation by increasing factor access to genomic binding sites (Grunstein 1997; Blackwood and Kadonaga 1998) .
Some (Mizzen et al. 1996; Chen et al. 1997; Grant et al. 1997; Blanco et al. 1998; Kraus and Kadonaga 1998) but not all Orphanides et al. 1999; Rachez et al. 1999; Ryu et al. 1999; Rachez et al. 2000) coactivator complexes harbor HAT activity. Conversely, the IR corepressors identified to date carry HDAC activity; both coactivators and corepressors can interact with the LBD (Heery et al. 1997; Nagy et al. 1997; Darimont et al. 1998; Voegel et al. 1998; Perissi et al. 1999) .
Repression of AP-1 mediated activation by the thyroid hormone receptor (TR) is blocked by trichostatin A (TSA) (M. Cronin and K.R. Yamamoto, unpubl.), a general inhibitor of most HDACs (Taunton et al. 1996) . In contrast, GR regulation of AP-1 activity, at the same response element used in the TR experiments, is resistant even to high TSA concentrations (M. Cronin and K.R. Yamamoto, unpubl.) . Similarly, we found that GR repression of NFB activity was TSA resistant in A549 cells (data not shown). Together with our findings that neither PIC assembly (Fig. 7A ) nor PIC incorporation of TF II H (Fig. 7B ) is affected by glucocorticoid treatment, we suggest that promoter occlusion or HDAC recruitment are unlikely to be the mechanisms by which GR represses NFB action.
In principle, the GR-LBD might have an intrinsic activity for blocking CTD serine-2 phosphorylation, but the modularity of regulatory complexes leads us to postulate the existence of a novel corepressor, recruited by the GR-LBD to tethering GREs in a manner analogous to previously established cofactors (Fig. 9 ). According to this scheme, the resultant regulatory complex would yield complete PICs deficient in serine-2 phosphorylation, with a consequent decline in initiation or promoter clearance.
The putative corepressor might be a serine-2 phosphatase or a serine-2 kinase inhibitor. Some potential candidates are intriguing to consider. The human CTD phosphatase FCP1 fully dephosphorylates the CTD before assembly into PICs (Cho et al. 1999) ; hence, although FCP1 itself may not be the putative corepressor, there are four identified human FCP1 homologs (Archambault et al. 1997) , one of which might encode a specific CTD serine-2 phosphatase.
The mammalian CTD-kinase cdk9, a subunit of the positive transcript elongation factor (P-TEFb; Price 2000) is a potential target for a GR-recruited inhibitor. Yeast strains lacking CTK1, the homolog of cdk9, display reduced phosphorylation of the pol II CTD at serine-2 (Patturajan et al. 1999), slow growth and cold sensitivity, and reduced transcription of various genes (Lee and Greenleaf 1991; Patturajan et al. 1999 ). Because CTK1 is not the only yeast serine-2 kinase (Patturajan et al. 1999 ), higher eukaryotes are also likely to carry multiple kinases that affect this residue of the CTD repeat. Thus, GR might target, either directly or through recruitment of a kinase inhibitor, a cdk9-like factor.
Several regulators that function as kinase inhibitors have been described. For example, the Caenorhabditis elegans repressor protein PIE-1 appears to abrogate pol II transcription in germ-line blastomeres by preventing phosphorylation of the CTD at serine-2 (Seydoux and Dunn 1997; Tenenhaus et al. 1998) . Similarly, the cdc2/ cyclinB kinase complex mediates global mitotic repression of transcription by phosphorylating and inactivating the CTD-kinase of TF II H (Akoulitchev and Reinberg 1998; Long et al. 1998) . Likewise, the NAT complex, a global negative regulator for pol II that contains the cyclin dependent kinase cdk8/Srb10 (Hengartner et al. 1998; Sun et al. 1998) , uses that kinase activity to phosphorylate TF II H and downregulate the CTD-kinase activity of cdk7 (D. Reinberg, pers. comm.).
Mechanisms for transcriptional repression
Several members of the IR gene family, including mineralocorticoid receptor (Liden et al. 1997) , estrogen receptor (ER; Stein and Yang 1995) , progesterone receptor (PR; Caldenhoven et al. 1995; Kalkhoven et al. 1996) , androgen receptor (AR; Palvimo et al. 1996) , thyroid hormone receptor (R.M. Nissen, unpubl.), and retinoic acid receptor (R.M. Nissen, unpubl.) can regulate NFB-mediated activation. Consistent with results obtained from studies on PR, ER, and AR (Stein and Yang 1995; Kalkhoven et al. 1996; Palvimo et al. 1996) , we found that the GR-LBD was essential for repression of NFB (Fig. 5A) . By extension, it seems likely that these and perhaps other IRs might similarly regulate NFB activity by affecting the pol II CTD.
Our finding that the IB␣ gene is induced by TNF␣ but not repressed by dexamethasone (Fig. 1A) , together with the failure of dexamethasone to alter the level of phosphoserine-2 pol II at IB␣ (Fig. 8C) suggests that unidentified contextual features of response elements and promoters impart selectivity on GR action. A detailed comparative analysis of the IL-8 and IB␣ promoter regions would likely provide insights into the determinants for context-dependent glucocorticoid regulation of transcriptional activation activity.
The distinct modes used by different transcriptional regulators can provide insights about the contexts in which those regulators might function. Repressors that interfere with intrinsic activator functions (e.g., DNA binding or activation domain accessibility) are more likely to be activator-specific (Baeuerle and Baltimore 1988b; Small et al. 1991; Ansari et al. 1998) ; affected promoters could still be activated by other activators. In contrast, repressors that act on activator targets or initiation events downstream from those targets would function more globally on the affected promoters; repressors that affect late steps of initiation would down-regulate targeted promoters regardless of the range or mechanisms of associated activators. As we have shown here, for example, GR bypasses RelA stabilization of PIC assembly by affecting CTD phosphorylation at serine-2.
Multiple signaling networks regulate natural promoters, requiring that pol II integrate multiple inputs from positive and negative regulators. This combinatorial approach to gene expression enables fine-tuning of transcriptional activity at discrete chromosomal loci. Transcriptional regulators such as GR are likely to exploit a diversity of mechanisms across different cellular and promoter contexts.
Materials and methods
Plasmid DNAs
The plasmids pSG5 (Promega), pSG5-rGR ), p6R-N525 (Iniguez-Lluhi et al. 1997 ), TAT3-DLO (Iniguez-Lluhi et al. 1997 ), pSG5-MAD-GR (gift of M. Cronin, UCSF), pGEX4T-1 (Pharmacia), 5xGAL4-e1b-Luc (gift of R. Uht, UCSF), pRS423-N577-⌬108-317 (gift of B. Darimont, UCSF), CMV-␤gal (Spaete and Mocarski 1985) , pSG424-MAD-GAL4, and PGK-Neo were described previously. Subcloning the BspEI-BbsI fragment of GR containing the K461A mutation from p6R-K461A (Starr et al. 1996) into pSG5-rGR generated plasmid pSG5-GR-K461A. PCR amplification of nucleotide sequences encoding amino acids 407-795 of rat GR from p6R-rGR (Starr et al. 1996) by using forward primer 7 5Ј-AAAAGGATC-CATAATGTCAGTGTTTTCTAATGGG-3Ј and reverse primer 8 5Ј-AAAAGGATCCTCATTTTTGATGAAACAGAAGC-3Ј generated plasmid pSG5-GR-407C by digesting the PCR fragment with BamHI followed by ligation into pSG5 digested with BamHI. The BamHI-ScaI fragment of pRS423-N577-⌬(108-317) ligated into pSG5-rGR digested with EagI (blunt) and BamHI generated plasmid pSG5-N577-⌬(108-317). PCR amplification of the mouse RelA open reading frame from plasmid J134 (Blank et al. 1991 ) by using forward primer 1 5Ј-GGCGC-GAATTCATGGACGATGTGTTTCCCC-3Ј and reverse primer 1 5Ј-GGCGCGAATTCTTAGGAGCTGATCTGACTCAAA-3Ј followed by digestion with EcoRI and ligation into the EcoRI site of pSG5 generated plasmid pSG5-RelA. PCR amplification of two tandem copies of the VP16 amino acids 413-454 from plasmid pGAL4-VP16 (gift of M. Carey, UCLA) by using forward primer 2 5Ј-CCCCCGAATTCCAGCCCGGGCGATCCGCC-3Ј and reverse primer 2 5Ј-CCCCCGGATCCTTATCTAGAGGATCTC-GG-3Ј followed by digestion with EcoRI and BamHI, and ligation into pSG5 generated intermediate plasmid pSG5-VP16. PCR amplification of RelA nucleotide sequences encoding amino acids 1-312 by using forward primer 1 and reverse primer 3 5Ј-GGCGC-GAATTCGATACTCTTGAAGGTCTCATAGGT-3Ј followed by digestion with EcoRI and ligation into EcoRI-cleaved pSG5-VP16 yielded plasmid pSG5-RHD-VP16.
Inserting three copies of the annealed and kinased IL-2R␣ NFB response element oligonucleotides 5Ј-TCGACGGAGA-GGGAGATTCCCCTGCCGTC-3Ј and 5Ј-TCGAGACGGCA-GGGGAATCTCCCTCTCCG-3Ј into the SalI site of plasmid p⌬ODLO (Iniguez-Lluhi et al. 1997 ) generated the reporter plasmid B3-DLO. Subcloning the double GAL4 binding site oligonucleotide 5Ј-AGCTCGGAGGACTGTCCTCCGTTCTCGA-GAACGGAGGACAGTCCTCCG-3Ј into the HindIII site of p⌬ODLO generated reporter plasmid 2xGAL4-DLO, which has a higher basal activity than 5xGAL4-e1b-Luc, allowing for analysis of Mad-GAL4 repression activity.
The Escherichia coli expression vector pGEX-RelA for the GST-RelA fusion protein was described previously (Stein and Yang 1995) . PCR amplification of mouse RelA nucleotide sequences encoding amino acids 1-312 by using forward primer 1 and reverse primer 9 5Ј-GGCGCGAATTCGATACTCTT-GAAGGTCTCATAGGT-3Ј followed by digestion with EcoRI and ligation into the EcoRI site of pGEX4T-1 generated plasmid pGEX-RelA-RHD. PCR amplification of mouse RelA sequences encoding amino acids 1-196 by using forward primer 1 and reverse primer 10 5Ј-GACTGATCGCGGCCGCTCA-GATCTTGAGCTCGGCAGT-3Ј, followed by EcoRI-NotI digestion and ligation into the corresponding sites of pGEX4T-1 yielded plasmid pGEX-RelA-N196. PCR amplification of mouse RelA sequences encoding amino acids 192-312 by using forward primer 8 5Ј-GGCGCGAATTCACTGCCGAGCTCAA-GATC-3Ј and reverse primer 9, followed by EcoRI digestion and ligation into the EcoRI site of pGEX4T-1 generated plasmid pGEX-RelA-RDD. PCR amplification of mouse p50 sequences encoding amino acids 245-372 from plasmid J130 (Blank et al. 1991) by using forward primer 9 5Ј-GAAGAGGATCCATG-GCATCCAACCTGAAAATCGT-3Ј and reverse primer 11 5Ј-GAAGAGAATTCTTAGAAGCTGTCCGAGAAGTTC-3Ј, followed by BamHI-EcoRI digestion and ligation into the corresponding sites of pGEX4T-1 yielded plasmid pGEX-p50-RDD. PCR amplification of mouse RelA sequences encoding amino acids 304-550 by using forward primer 6 and reverse primer 1 followed by EcoRI digestion and ligation into the corresponding site of pGEX4T-1 generated plasmid pGEX-RelA-304-550.
Subcloning the PCR amplified human IL-8 coding sequence into pBLUESCRIPT KS+ (Stratagene) at the XhoI to SmaI sites generated the anti-sense IL-8 plasmid pBS-IL8-AS. Subcloning the XhoI-XmnI fragment of the human IB␣ coding sequence into pBLUESCRIPT KS+ at the XhoI and EcoRV sites generated the anti-sense IB␣ plasmid pBS-IB␣-AS. Digestion of the anti-sense plasmids with XhoI and in vitro transcription from the T7 promoter yielded the anti-sense probes for RNase protection.
Cell culture and transfections
CV-1 cells and A549 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 5% fetal calf serum and split every third day.
A549-k9 cells carrying stably integrated NFB-responsive luciferase reporter genes were derived by linearizing both the kB3DLO luciferase reporter and the PGK-Neo plasmid with XmnI followed by electroporation and selection in 1.5 mg/ml G418. Selected colonies were then screened for TNF␣-inducible luciferase activity; subsequent culturing of A549-k9 was performed in the absence of G418.
For transient transfections, CV-1 cells were plated in 24 well plates (5 × 10 4 cells per well in 500 µl of DMEM containing 5% charcoal-stripped [Freeman et al. 2000 ] fetal calf serum) approximately 16 hr before addition of lipid-DNA complexes. Cationic lipid stock was prepared as described (Hong et al. 1997) . A typical transfection contained 100 ng luciferase reporter, 100 ng ␤-galactosidase control plasmid, regulatory factor expression plasmids where indicated, and empty pSG5 plasmid to 450 ng total DNA in 40 µl of OPTI-MEM I (GIBCO BRL). The 5-mM cationic lipid stock was diluted to 0.5 µl lipid per 40 µl in OPTI-MEM I. Then, 40 µl of the diluted lipid was added to the 40 µl of DNA, mixed, and incubated at room temperature for 15 min. After incubation, the lipid-DNA complexes were further diluted with 300 µl of OPTI-MEM I and the entire 380 µl was added to a single aspirated well of the 24-well plate. Lipid-DNA complexes were typically prepared as a stock of 6.5 identical reactions and aliquoted onto cells for replicates. Approximately 6 hr later, 400 µl of DMEM containing 5% stripped FCS and 2× concentrations of hormone or ethanol vehicle was added. Approximately 16 hr posthormone addition, cells were harvested and assayed for ␤-galactosidase and luciferase activity as described (Iniguez-Lluhi et al. 1997) .
Protein purification
Proteins fused to GST were expressed in E. coli strain BL21 at 18°C with 1 mM IPTG induction at approximately 0.3 OD 600 followed by an additional 12-14 hr of growth before harvest. All steps were performed at 4°C unless noted otherwise, and all buffers for GST fusions contained 0.5 mM PMSF and 1 µg/ml each of leupeptin, pepstatin, and aprotinin. Cell pellets were resuspended in one volume of phosphate buffered saline containing 1 mM EDTA and 14 mM ␤-mercaptoethanol. Extracts were prepared by lysozyme treatment followed by sonication to reduce turbidity. The extracts were then centrifuged in a Beckman 70.1Ti rotor at 45,000 rpm for 2 hr. The supernatant was batch bound onto 1 ml of 50% slurry glutathione-agarose beads (Sigma) in the same buffer adjusted to 0.1% NP-40 for 30 min. The beads were then loaded into a disposable column and washed with 10 ml of Wash Buffer (10 mM Tris at pH 8, 1 mM EDTA, 2 M NaCl, 0.1% NP-40, 14 mM ␤-mercaptoethanol) followed by 10 ml DnaK Buffer (50 mM Tris at pH 8, 10 mM MgSO 4 , 2 mM ATP). A final 5-ml wash in Binding Buffer (10 mM Tris at pH 8, 1 mM EDTA, 150 mM NaCl, 14 mM ␤-mercaptoethanol) was then performed and the purified proteins were stored with the beads at −80°C.
GST-fusion protein interaction assays
Equal amounts, ∼1 µg, of each fusion protein were used as judged by Coomassie gel loading titrations. GR and derivatives in the pSG5 vector were in vitro translated by using the Promega TNT coupled transcription/translation kit in the presence of 35 S-methionine. Binding reactions were performed in a total volume of 100 µl binding buffer containing 12.5 µl packed glutathione beads and ∼5 nM receptor (estimated by immunoblotting comparisons to purified GR standards). Reactions were conducted for 45 min at room temperature with mild agitation to keep the beads in suspension. Samples were then pelleted and beads were washed four times with 500 µl of binding buffer containing 500 mM NaCl. The washed pellets were resuspended in 10 µl of SDS-polyacrylamide gel loading buffer and the entire reaction was resolved over an appropriate percentage (12% or 15%) SDS-polyacrylamide gel. Dried gels were exposed to a Phosphor screen overnight, and Molecular Dynamics software was used to generate and quantify gel images.
Western blot and ribonuclease protection assays
Immunoblotting was performed on A549-k9 whole cell extracts with a RelA antibody (sc-372, Santa Cruz Biotechnology) according to manufacturer's recommendations. The ribonuclease protection assays were performed on 20 µg total RNA according to manufacturer's recommendations (Ambion).
Electrophoretic gel-mobility shift assays
Nuclear extracts were prepared from A549-k9 by the Dignam method (Dignam et al. 1983) . Gel shifts were performed with 2.5 µg nuclear extract in a 10 µl volume of final concentrations 10 mM HEPES (pH 8), 80 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 5% glycerol, 0.05% NP-40, 0.1 mg/ml poly-dG/dC (Pharmacia Biotech). After 5 min at room temperature, antibodies were added where indicated (anti-p50, sc-114, Santa Cruz Biotechnology). After an additional 5 min, 32 P end-labeled NFB IL-8 site probe 5Ј-CAAATCGTGGAAATTTCCTCTGAC-3Ј was added to a final concentration of 2 nM followed immediately by cold oligonucleotide or not. The nonspecific probe was the collagenase AP-1 site 5Ј-AGTCATGAGTCAGACACCTCTGGC-3Ј.
Chromatin immunoprecipitation assays
A modified protocol was developed on the basis of several previous reports (Braunstein et al. 1996; Orlando et al. 1997; Parekh and Maniatis 1999) . Antibodies were used at levels that maximized selective immunoprecipitation of signal. Identical conditions were used for the RelA antibody (Santa Cruz, sc-109) and the total RNA polymerase II antibody (Santa Cruz, sc-899). Following the 2-hr treatments with various hormone combinations, approximately 5 × 10 8 adherent A549-k9 cells were crosslinked for 40 min at 4°C by the addition of 11× formaldehyde Stock (50 mM Hepes-KOH at pH 8; 1 mM EDTA; 0.5 mM EGTA; 100 mM NaCl; 11% formaldehyde) to a final of 1× for 40 min. Cross-linking was stopped by the addition of glycine to a final concentration of 125 mM for 5 min.
The cell monolayers were rinsed with ice cold phosphate buffered saline, scraped into 50-ml conical tubes, and centrifuged at 600g for 5 min at 4°C. Pellets were aspirated and resuspended in 10 ml Chro-IP Lysis Buffer (50 mM Hepes-KOH at pH 8; 1 mM EDTA; 0.5 mM EGTA; 140 mM NaCl; 10% glycerol; 0.5% NP-40; 0.25% Triton X-100; 1 mM PMSF; 5 µg/ml each of leupeptin, pepstatin A, and aprotinin) and nutated for 10 min at 4°C. The crude nuclei were collected by centrifugation (600g for 5 min at 4°C) and resuspended in 10 ml Wash Buffer (10 mM Tris-HCl at pH 8; 1 mM EDTA; 0.5 mM EGTA; 200 mM NaCl; 1 mM PMSF; 5 µg/ml each of leupeptin, pepstatin A, and aprotinin) and nutated again. Washed nuclei were centrifuged as described earlier and resuspended in 2 ml of 1× RIPA Buffer (10 mM Tris-HCl at pH 8; 1 mM EDTA; 0.5 mM EGTA; 140 mM NaCl; 1% Triton X-100; 0.1% Na-deoxycholate; 0.1% SDS; 1 mM PMSF; 5 µg/ml each of leupeptin, pepstatin A, and aprotinin).
Samples were sonicated (power setting 5) with a Branson Sonifier 250 with a microtip in 20-sec bursts followed by 1 min of cooling on ice for a total sonication time of 3 min per sample. This procedure resulted in DNA fragment sizes of 0.3-1.5 kb.
Samples were then centrifuged in an Eppendorf 5415C at 16,000g for 10 min at 4°C. Either 2 µg of sc-899 antibody or 2 µg of sc-109 antibody were added to 600-µl aliquots of cleared chromatin extract and incubated with rotation at 4°C for 6 hr. Samples were then centrifuged again and supernatants were transferred to fresh tubes containing 20 µl of precleared 50% slurry Protein A/G beads (ICN Pharmaceuticals) in 1× RIPA Buffer containing 100 µg/ml sonicated salmon sperm DNA. After 3 hr with the beads, samples were centrifuged at 600g and the pellets washed twice with 1× RIPA buffer, once with 1× RIPA buffer containing 100 µg/ml salmon sperm DNA for 5 min with rotation, five times with 1× RIPA buffer containing 500 mM NaCl final plus 100 µg/ml salmon sperm DNA for 5 min with rotation, and once with 1× RIPA buffer. Then, 100 µl of digestion buffer was added (50 mM Tris at pH 8; 1 mm EDTA; 100 mM NaCl; 0.5% SDS; 100 µg/ml proteinase K) and placed at 55°C for 3 hr, followed by 6 hr at 65°C to reverse cross-links. DNA was phenol-CHCl 3 extracted once, CHCl 3 extracted once, and ethanol precipitated in the presence of 20 µg glycogen. Pellets were resuspended in 20 µl TE.
PCR reactions, 50 µl, were programmed for 30 cycles with 4 µl of DNA sample and 50 nM each of appropriate 32 P end-labeled (500,000 cpm/reaction) primer oligonucleotides (GIBCO BRL buffers, nucleotides, and Taq enzyme). Titrations were performed to ensure a linear range of amplification. One-fifth of each PCR reaction was electrophoresed on a 6% 0.5× TBE gel (19:1 acrylamide:bisacrylamide; Bio-Rad), dried, and exposed on a Phosphor cassette for quantification and image generation. The IL-8 or ICAM-1 promoter intensities were first normalized by dividing them by the internal control intensity of the U6 snRNA gene. Fold inductions are defined as the ratio of the normalized intensities for the treated lanes to the untreated lane.
The TF II H XPB/ERCC3 subunit antibody (sc-283, Santa Cruz) was treated similarly except for the following modifications. Eight micrograms antibody was used per aliquot of chromatin extract and incubated for 16-24 hr with rotation at 4°C. Immunoprecipitates were washed twice with 1× RIPA buffer, once with 1× RIPA containing 100 µg/ml salmon sperm DNA for 5 min with rotation, once with 1× RIPA containing 500 mM NaCl final plus 100 µg/ml salmon sperm DNA for 5 min with rotation, and once with LiCl buffer (10 mM Tris-HCl at pH 8; 1 mM EDTA; 0.5 mM EGTA; 250 mM LiCl; 1% Triton X-100; 1% Na-deoxycholate; 1 mM PMSF; 5 µg/ml each of leupeptin, pepstatin A, and aprotinin).
The CTD phosphoserine-2 specific monoclonal antibody H5 (BAbCO) and the CTD phosphoserine-5 specific monoclonal antibody H14 (BAbCO) were treated similarly except for the following modifications. Extracts were prepared with all buffers including the general phosphatase inhibitor 10 mM Na-pyrophosphate (pH 8). Five microliters of H5 ascites fluid or 10 µl of H14 ascites fluid were used per aliquot of chromatin extract and incubated with rotation 16-24 hr at 4°C. Protein A/G beads were preincubated with goat IgG anti-mouse IgM (2 µg/µl packed beads) overnight in 1× RIPA and washed three times with 1× RIPA before use. Immunoprecipitates were washed twice with 1× RIPA buffer, once with 1× RIPA containing 100 µg/ml salmon sperm DNA for 5 min with rotation, once with 1× RIPA containing 300 mM NaCl final plus 100 µg/ml salmon sperm DNA for 5 min with rotation, and once with LiCl buffer.
PCR primer sets for the chromatin immunoprecipitation assay
The human IL-8 promoter region −121/ +61 was amplified with the primer pairs 5Ј-GGGCCATCAGTTGCAAATC-3Ј and 5Ј-TTCCTTCCGGTGGTTTCTTC-3Ј. The human IL-8 upstream region −1042/−826 was amplified with the PCR primer pairs 5Ј-AACAGTGGCTGAACCAGAG-3Ј and 5Ј-AGGAGGGCT TCAATAGAGG-3Ј. The human U6 snRNA promoter region −245/+85 was amplified with the PCR primer pairs 5Ј-GGC CTATTTCCCATGATTCC-3Ј and 5Ј-ATTTGCGTGTCATCCT TGC-3Ј. The human ICAM-1 promoter region −305/−91 was amplified with the PCR primer pairs 5Ј-ACCTTAGCGCGGTGT AGACC-3Ј and 5Ј-CTCCGGAACAAATGCTGC-3Ј. The human HSP70 promoter region +153/+423 was amplified with the PCR primer pairs 5Ј-GGATCCAGTGTTCCGTTTCC-3Ј and 5Ј-GTCA AACACGGTGTTCTGCG-3Ј. The human IB␣ promoter region -168/+21 was amplified with the PCR primer pairs 5Ј-CTCATC GCAGGGAGTTTCT-3Ј and 5Ј-ACTGCTGTGGGCTCTGCA-3Ј.
